African swine fever virus (ASFV) is a large DNA virus that enters host cells after receptor-mediated endocytosis and depends on acidic cellular compartments for productive infection. The exact cellular mechanism, however, is largely unknown. In order to dissect ASFV entry, we have analyzed the major endocytic routes using specific inhibitors and dominant negative mutants and analyzed the consequences for ASFV entry into host cells. Our results indicate that ASFV entry into host cells takes place by clathrin-mediated endocytosis which requires dynamin GTPase activity. Also, the clathrin-coated pit component Eps15 was identified as a relevant cellular factor during infection. The presence of cholesterol in cellular membranes, but not lipid rafts or caveolae, was found to be essential for a productive ASFV infection. In contrast, inhibitors of the Na ؉ /H ؉ ion channels and actin polymerization inhibition did not significantly modify ASFV infection, suggesting that macropinocytosis does not represent the main entry route for ASFV. These results suggest a dynamin-dependent and clathrin-mediated endocytic pathway of ASFV entry for the cell types and viral strains analyzed.
been demonstrated to be induced by some viruses from diverse families, such as vaccinia virus and adenovirus serotype 3 (5, 29) , to gain entry into cells.
In this study, we have focused on the entry of African swine fever virus (ASFV), a large enveloped DNA virus with a genomic composition similar to that of poxviruses, although the virion structure and morphology resemble those of iridoviruses. At present, it is the sole member of the newly created family Asfarviridae (16, 43) . It is the etiologic agent responsible for a highly lethal and hemorrhagic disease affecting domestic swine, which often results in important economic losses in affected countries because of the high rate of mortality associated with this illness and the lack of an effective vaccine.
Early studies of the entry of BA71V, a Vero cell-adapted ASFV strain, into host cells showed that this internalization of virus particles is a temperature-, energy-, and low-pH-dependent process, since it does not occur at 4°C or in the presence of inhibitors of cellular respiration or lysosomotropic agents (2, 44) . All these features are consistent with a receptor-mediated endocytosis mechanism of entry. However, there are still numerous questions to be answered. One of them is the nature of the cellular receptor(s) that mediates ASFV entry, which remains largely unknown, although a correlation between cell susceptibility to infection and expression of porcine CD163 on the surface of swine monocytes/macrophages has been reported (36) . In regard to the viral components involved in this initial step, the p12 and p54 proteins were shown to play a role during attachment to the cell surface and p30 during internalization, as inferred from previous studies with neutralizing antibodies against p30 and p54 (17) and blockage of infection after saturation of virus binding sites with recombinant p12 (6) . Early electron microscopy (EM) studies (2, 45) revealed that attachment of ASFV virions to the cell surface often occurs in coated pits; however, their later presence inside coated vesicles is not fully clear. After attachment, virions are detected inside endosomes, where fusion with the viral membrane takes place. The ASFV cycle continues with the transport of viral cores via retrograde transport along microtubules to reach a perinuclear area, known as the viral factory, where replication occurs (4) .
In recent times, knowledge about different endocytic pathways and their regulatory molecules has notably increased, and the development of molecular tools to study these processes is becoming increasingly precise (38) . In the present study, we examined the ASFV infection using a variety of chemical inhibitors and dominant negative molecules to disrupt different endocytic pathways. Our results confirmed a major role for dynamin-dependent and clathrin-mediated endocytosis during the first stages of ASFV infection, with no significant differences in the behavior of the two ASFV strains and the two cell lines analyzed.
MATERIALS AND METHODS
Cells, viruses, and infections. Vero cells were grown at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS). WSL-R line 379 is a macrophage cell line from wild swine origin that was kindly provided by Günther Kiel (FriedrichLoeffler Institut, Greifswald, Germany) and grown in Iscove's medium (Gibco) plus F-12 nutrient mixture (Gibco) plus 10% FBS. The BA71V (adapted to grow in Vero cells) and 608 VR13 (with a low number of passages in Vero cells [3] ) ASFV isolates were used in infection experiments carried out at 37°C with 5% CO 2 . In most cases, ASFV stocks from culture supernatants were clarified and semipurified from vesicles by ultracentrifugation at 40,000 ϫ g through a 40% (wt/vol) sucrose cushion in phosphate-buffered saline (PBS) for 1 h at 4°C. Virus stocks or infective ASFV yields from samples infected after drug treatment were titrated by plaque assay in Vero cells as previously described (22) . Briefly, preconfluent monolayers of Vero cells in six-well plates were inoculated with 10-fold serial dilutions from samples for 90 min at 37°C. the inoculum was then removed and 3 ml of semisolid medium added (1:1 low-melting-point agarose [Gibco] and 2ϫ minimal essential medium [MEM] [Lonza]). Correct plaque development took 10 to 12 days, and visualization was possible after staining with crystal violet (Sigma). After viral inoculum addition, when synchronization of infection was required, virus adsorption was performed for 90 min at 4°C, and after cold washing, cells were rapidly shifted to 37°C.
Vectors encoding dominant negative mutants. Vectors encoding green fluorescent protein (GFP)-Eps15 and a corresponding dominant negative mutant version (GFP-E⌬95/295) were kindly provided by A. Dautry-Varsat (Institut Pasteur). Vectors encoding dynamin-GFP and dominant negative mutant dynamin-K44A-GFP were kindly provided by S. L. Schmid (The Scripps Research Institute). pEGFP-N1 was purchased from Clontech and was used as a control.
Transfections were performed by using the Fugene 6 transfection reagent from Roche as specified by the manufacturer. Briefly, Vero cells were grown on glass coverslips in 24-well tissue culture plates, in the absence of antibiotics, until 80% confluence, and then 400 ng DNA was mixed with 3 l Fugene 6 and incubated for 40 min at room temperature before addition to cells. To minimize cytotoxicity, after 5 h the transfection mixture was removed from cells and fresh medium added. At 24 h after transfection, cells were infected with ASFV isolates (1 PFU/cell), and infected cells were detected and analyzed by immunofluorescence at 6 h postinfection (hpi).
Transferrin (TF), dextran (DXT), and cholera toxin (CTX) uptake assays. Cells, grown on glass coverslips to 60% confluence, were serum starved for 30 min prior to incubation with 50 g/ml Alexa Fluor 594-labeled human transferrin (Molecular Probes) in DMEM for 20 min at 4°C for binding. Cells were then cold washed with DMEM and transferred to 37°C for 15 min. Residual and noninternalized labeled TF was removed by acid washing with 0.1 M NaCl-0.1 M glycine, pH 3.0. Cells were then processed for immunofluorescence and examined by confocal microscopy.
Likewise, dextran uptake assays were performed using Alexa Fluor-594 labeled 10,000-molecular-weight (MW) dextran (Molecular Probes). Starved cells were incubated with 0.5 mg/ml labeled dextran for 10 min at 37°C. DXT uptake was stopped by washing three times with ice-cold PBS, and surface-bound DXT was washed off in cold 0.1 M sodium acetate-0.05 M NaCl (pH 5.5) for 10 min.
Cholera toxin subunit B from Vibrio cholerae labeled with Alexa Fluor A488 (Molecular Probes) was diluted to 1 g/ml in DMEM-2% FBS, added to cells, and left for 15 min at 4°C followed by additional 10 min at 37°C. Cells were then rapidly cold washed in PBS three times, processed for immunofluorescence, and examined by confocal microscopy.
Indirect immunofluorescence and confocal microscopy. Vero cells growing on glass coverslips were fixed in PBS-3.8% paraformaldehyde for 10 min and permeabilized with PBS-0.1% Triton X-100 for 12 min. Following fixation, aldehyde fluorescence was quenched by incubation of cells with 50 mM NH 4 Cl in PBS for 15 min. Working dilutions of the primary antibodies used were 1:100 for monoclonal antibody against clathrin heavy chain (BD Sciences), 1:100 for monoclonal antibody against ASFV protein p30, and 1:500 for rabbit serum raised against ASFV structural protein pE120R. The secondary antibodies used (Molecular Probes) were anti-mouse immunoglobulin G (IgG) antibody conjugated to Alexa Fluor 488 or Alexa Fluor 594 and anti-rabbit IgG antibody conjugated to Alexa Fluor 594. All secondary antibodies were purchased from Molecular Probes and diluted 1:200. Specificity of labeling and absence of signal crossover were determined by examination of single labeled control samples.
Confocal microscopy was carried out in a Leica TCS SPE confocal microscope using a 63ϫ objective, and image analyses were performed with Leica Application Suite advanced fluorescence software (LAS AF).
Drug treatments and FACS analyses. Stock solutions of inhibitors were prepared as follows: 10 mM dynasore (Calbiochem), 0.5 mM latrunculin A (Calbiochem), 0.5 mM jasplakinolide (Calbiochem), 5 mM nystatin (Sigma), and 50 mM 5-ethylisopropyl amiloride (EIPA; Sigma) stock solutions were all prepared in dimethyl sulfoxide (DMSO), while 20 mM chlorpromazine (CPZ) (Sigma), 100 mM chloroquine (Sigma), 150 M bafilomycin A1 (Sigma), and 25 mM methyl-␤-cyclodextrin (CD) (Sigma) were prepared in water. We first ensured that cell death, determined by the trypan blue exclusion method, did not exceed 10% after incubation of cell cultures with different inhibitors at the indicated working concentrations. Cells were pretreated for 30 min with inhibitors at the indicated concentrations in growth medium for 30 min at 37°C, followed by cold synchronized infections with Յ1 PFU of ASFV isolate per cell. Where indicated, chlorpromazine was added to previously infected cells at 3 hpi. All inhibitors (except methyl-␤-cyclodextrin, which was removed from cells at 2 hpi) were present throughout all the experiment, and at 6 hpi cells were washed with PBS and harvested by trypsinization. After washing with fluorescence-activated cell sorter (FACS) buffer (PBS, 0.01% sodium azide, and 0.1% bovine serum albumin [BSA]), cells were fixed and permeabilized with Perm2 (BD Sciences) for 10 min at room temperature. Detection of infected cells was performed by incubation with anti-p30 monoclonal antibody (diluted 1:100 in FACS buffer) for 30 min at 4°C, followed by incubation with phycoerythrin (PE)-conjugated antimouse immunoglobulins (1:50, diluted in FACS buffer [Dako] ) for 30 min at 4°C. After extensive washing, 2 ϫ 10 4 cells per time point were scored and analyzed in a FACSCalibur flow cytometer (BD Sciences) to determine the percentage of infected cells under these conditions. Determination of control infection rates under these conditions yielded 25 to 30% of total cells examined. Infection rates obtained after drug treatments were normalized to infected cell percentages found in control plates. Mean values from at least three experiments were statistically compared to values obtained for control cells (untreated and infected) using two-tailed Student t tests with a confidence level of 95%, and significant differences are indicated by asterisks in the figures.
Cholesterol determination. Cell extracts from approximately 10 5 Vero cells were prepared in 0.1 M mM Tris (pH 8.0), 100 mM NaCl, 1% NP-40, and 2 mM CaCl 2 . The levels of cholesterol from these cell extracts were measured with the Amplex Red cholesterol assay kit (Molecular Probes) following the manufacturer's instructions. Twenty-five-microliter portions of cell extracts and cholesterol standards were incubated with 25 l of Amplex Red working solution for 30 min at 37°C, protected from light, in 96-well plates. Fluorescence at 590 nm was subsequently measured in a Genios Spectrafluor microplate reader (Tecan).
Western blotting. Cells seeded in 24-well plates were harvested and lysed on ice in 80 l lysis buffer (150 mM NaCl, 5 mM ␤-mercaptoethanol, 1% NP-40, 0.1% SDS, 50 mM Tris [pH 8.0]) containing protease inhibitors (complete EDTA-free protease inhibitors; 1 tablet/10 ml of buffer [Roche Molecular Biochemicals]) per well. After 20 min on ice, cell extracts were clarified by centrifugation at 4°C for 15 min at 17,000 ϫ g. After estimation of total protein in samples by the Bradford method, equal amounts of protein mixed with Laemmli sample buffer were electrophoresed and transferred onto nitrocellulose membranes (Bio-Rad). To detect protein p30 and ␤-actin (as a protein loading control), membranes were incubated with a anti-p30 monoclonal antibody diluted 1:500 as previously described (21) and a rabbit polyclonal antibody (Sigma) diluted 1:500. The horseradish peroxidase (HRP)-coupled secondary antibodies used were anti-mouse (GE Healthcare) or anti-rabbit (GE Healthcare) antibodies diluted 1:5,000. Bands obtained after development with ECL reagent (GE Healthcare) and corresponding to p30 and ␤-actin were densitometrically quan-
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RESULTS
Infection by ASFV is dependent on cellular dynamin. Dynamin is a 100-kDa GTPase which plays an essential role in cellular membrane fission during vesicle formation and therefore is required for clathrin-and caveola-mediated endocytosis but not for macropinocytosis (13, 20, 37) . To ascertain whether ASFV infection is dynamin dependent or not, we explored the effect of the dynamin dominant negative mutant Dyn-K44A, which was previously described to have decreased GTPase activity resulting in reduced endocytosis (14) . We first analyzed, by confocal laser scanning microscopy, the ability of the K44A mutant to inhibit endocytosis in Vero cells by examining internalization of labeled transferrin (TF-A 594 ), which is typically mediated by clathrin-mediated endocytosis. As described for other cell types, in 85 to 90% of Vero cells the transient overexpression of Dyn-K44A (24 h after transfection) nearly abolished the internalization of TF-A 594 . Nevertheless, in those control cells expressing either GFP or wild-type dynamin (Dyn-WT), normal endocytosis was observed, as indicated by punctate staining in the perinuclear region (Fig. 1A) . Likewise, at 24 h after transient transfection, Vero cells expressing GFP, Dyn-WT, or Dyn-K44A were infected with BA71V (1 PFU/ cell) and infection was allowed to proceed until 6 hpi, when expression of ASFV early protein p30 is detectable with specific monoclonal antibodies. As shown in Fig. 1B and C, ASFV infection was significantly reduced in cells transfected with the dynamin mutant K44A vector compared to cells transfected with wild-type dynamin or GFP vectors. In fact, most of those cells transfected with Dyn-K44A that also were infected were expressing low levels of Dyn-K44, as judged by GFP fluorescence intensity. These low expression levels of the Dyn-K44A mutant were also correlated with residual TF-A 594 internalization, indicating that endocytosis was not completely inhibited in those cells (data not shown). This result suggests that a complete inhibition of endocytosis is required to prevent ASFV infection.
To further confirm these results, dynasore (25) , a specific inhibitor of the GTPase activity of dynamin that blocks the internalization of labeled TF, was used. We preincubated Vero cells with different concentrations of dynasore for 30 min prior to BA71V infection (multiplicity of infection [MOI] of Ͻ1 PFU/cell, to avoid unspecific viral uptake) and scored infected cells at 6 hpi by FACS. Infection of cells as detected by viral protein p30 expression provides a clear quantitative end point assay, and the infection rates obtained for untreated cells at the low MOI used were around 25 to 30%. The inhibitor caused a 10-fold, dose-dependent drop in ASFV infectivity ( Fig. 2A ). An even more pronounced inhibition of infectivity caused by a lower dynasore dose was observed in WSL cells, suggesting similar behavior for ASFV in different cell lines. This reduction in ASFV infectivity correlated with a reduction of the expression of early viral protein p30 (Fig. 2B) detected by Western blotting of Vero infected cell extracts. Compared to that in untreated cells, the amount of p30 protein at 6 hpi was reduced to 34% in a dose-dependent fashion in dynasore-treated cells. Together, these results strongly suggest that ASFV entry into cells for effective infection (meaning positive early viral protein expression after virus entry) is dynamin dependent.
Relevance of clathrin-mediated endocytosis and Eps15 during ASFV infection. ASFV infection depends on endosomal acidification (and is therefore sensitive to lysosomotropic drugs) (45) and also on dynamin GTPase activity, which are hallmarks of clathrin-mediated endocytosis. Also, previous observations by EM showed that ASFV virions were often adsorbed to cytoplasmic invaginations similar to the clathrincoated pits (2) . To confirm those results, we infected monolayers of Vero cells with purified BA71V virions (MOI of Ͼ10 PFU/cell) at 4°C for 1 h and rapidly shifted them to 37°C. Cells were then fixed at increasing times (0 to 20 min after adsorption) and stained with specific antibodies against ASFV structural protein pE120R and the clathrin heavy chain. Confocal microscopy studies revealed that about 60% of virions colocalized with clathrin during the period of time examined at the first stages of infection (Fig. 3A) .
Then, to assess the functional role of clathrin-mediated endocytosis in ASFV entry, we examined the inhibitory effect of chlorpromazine (CPZ). Chlorpromazine is known to prevent assembly of coated pits at the plasma membrane and causes clathrin lattices to assemble on endosomal membranes (38) . Treatment of Vero cells with 5 M CPZ significantly reduced labeled TF internalization, which takes place by clathrin-based endocytosis, and up to 14 M completely abolished TF uptake (Fig. 3B) . Higher CPZ concentrations resulted in cell detachment. This inhibition of endocytosis correlated with a reduction of ASFV infectivity in a dose-dependent manner. First, the drug was added 30 min before infection. With 2 M chlorpromazine BA71V-infected cells were reduced to 60%, and with 14 M they were reduced to fewer than 10% (Fig. 4A) , similar to reductions in the number of infected cells after treatment with the lysosomotropic drugs chloroquine and bafilomycin A1. A similar inhibition of infection by chlorpromazine was achieved in treated WSL cells (Fig. 4A) , and also no significant differences in the percentages of infected cells were found when these were infected with the 608 VR13 ASFV strain (only 13 passages in Vero cells) compared to BA71V after CPZ treatment (Fig. 4B) , indicating a similar and cell type-independent clathrin requirement for both ASFV isolates tested. In contrast, when CPZ was added later in infection (at 3 hpi), after ASFV entry, no significant modification of the number of infected cells was observed. This result indicates the involvement of clathrin-mediated endocytosis during ASFV internalization but not between 3 and 6 hpi.
We next examined the effect of chlorpromazine on virus titers obtained from cell cultures 24 h after infection at a low MOI. As expected, the reduction found in BA71V infectivity after CPZ treatment correlated with a dose-dependent decrease in viral titers, with a maximum reduction of 2 log units at 14 M CPZ. This reduction in viral titers was similar to that obtained after inhibition of endosome acidification with lysosomotropic drugs (Fig. 4C) . Similar results were obtained with the 608 VR13 ASFV isolate (data not shown). Likewise, expression levels of viral protein p30, detected by Western blotting from infected cell cultures, also were diminished after chlorpromazine inhibition. This reduction was equivalent to that found after arrest of endosome acidification by chloroquine or bafilomycin A. To verify that the lower levels of p30 2102 HERNAEZ AND ALONSO J. VIROL.
jvi.asm.org observed by Western blotting resulted from an inhibition of the infection by chlorpromazine and not from a reduced expression of ASFV proteins, infected cells were analyzed by immunofluorescence microscopy. Expression levels of p30 in individual cells appeared to be similar in chlorpromazine-treated cells and in control cells (Fig. 4D and data not shown) .
The use of chlorpromazine and other drugs to examine viral endocytosis pathways has been well documented. However, we further confirmed the role of clathrin-mediated endocytosis in ASFV infection using a more precisely targeted inhibitor. We used the dominant negative mutant of Eps15, a protein that binds to the AP-2 adapter and is required for internalization 
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jvi.asm.org through clathrin-coated pits (CCPs). Benmerah et al. (7) demonstrated that deletion of Eps15 homology (EH) domains in Eps15 resulted in a dominant negative mutant of the protein (Eps15E⌬95/295) that arrested the formation of CCPs. Vero cells were first transfected with plasmids encoding either the mutant protein fused to GFP or the wild-type Eps15 form fused to GFP, and then transfected cells were assayed in a labeled TF uptake assay to verify the efficacy of the Eps15 dominant negative mutant. Figure 5A shows that transient overexpression of Eps15E⌬95/295, but not the wild type, effectively inhibited the internalization of TF, demonstrating that this dominant negative mutant is effective in Vero cells.
We next infected cells, at 24 h after transfection with these plasmids, with BA71V (MOI ϭ 1 PFU/cell) and detected infected cells at 6 hpi by immunofluorescence with a specific anti-p30 monoclonal antibody and confocal microscopy. Transfected single cells were classified as infected or not infected according to p30 staining. The results showed numerous examples of cells expressing Eps15 fused to GFP and simultaneously positive for p30 staining, while expression of the dominant negative mutant fused to GFP predominantly excluded ASFV infection (Fig. 5B) . Quantitation by counting multiple fields (more than 100 transfected cells in each case) revealed a significant reduction in the percentage of infected cells for cells expressing the dominant negative mutant Eps15E⌬95/295 compared to cells expressing wild-type Eps15 or GFP only as controls (Fig. 5C ). Taken together, the coincident results obtained with chlorpromazine treatment and dominant negative mutant proteins support the hypothesis that ASFV entry is clathrin dependent and that the Eps15 component is required for a productive ASFV infection in Vero and WSL cells. Role of cholesterol and caveolae in ASFV endocytosis. Previous studies (8) showed that the presence of cholesterol in cellular membranes is required for ASFV infection during early stages. Cholesterol is one of the main components of lipid raft microdomains, which are closely related to caveola formation. To analyze a possible role for caveolae during ASFV uptake, we examined the effect on ASFV infection of two different drug treatments that interfere with the caveola internalization pathway: nystatin and methyl-␤-cyclodextrin (CD). Nystatin, a cholesterol-sequestering drug, disrupts membrane lipid rafts and consequently prevents caveola formation. On the other hand, the main effect of methyl-␤-cyclodextrin is removal of cholesterol from plasma membranes. We first analyzed the cellular uptake of cholera toxin (CTX), which is generally used as a marker for caveolar endocytosis, in nystatin-and CD-treated Vero cells to check the effectiveness of the inhibitors at the concentrations used. As can be seen in Fig.  6A , labeled CTX internalization was almost completely inhibited by treatment with 25 to 50 M nystatin and with 7 to 10 mM CD. Early studies (35, 41) demonstrated that depletion of cholesterol from the plasma membrane with CD also affected clathrin-mediated endocytosis, because cholesterol is essential for the formation of clathrin-coated vesicles. To evaluate this possibility, we examined TF uptake under these conditions. As expected, TF uptake was affected by CD treatment but not by nystatin (data not shown). Cholesterol levels in treated cell cultures were then measured, confirming a dose-dependent cholesterol depletion after CD treatment, while no significant differences in cholesterol content were found after nystatin and chlorpromazine treatment compared to control cells (Fig. 6B) .
We analyzed the effect of these treatments on ASFV infection. Cholesterol reorganization at the plasma membrane induced by nystatin had no effect on ASFV infection, since no significant differences in infectivity, virus production, or p30 expression were observed compared to those for untreated infected cells. Nevertheless, cholesterol depletion by CD resulted in a clear and dose-dependent reduction in the percentages of Vero and WSL infected cells with the BA71V or 608VR13 isolates. As expected, this reduction correlated with a decrease in p30 expression levels, as judged by Western blot analysis, and also with a strong reduction in virus production (Fig. 6B to D and data not shown) . Taken together, these results support the hypothesis that the requirement of choles- terol in the plasma membrane for ASFV infection is more likely related to CCP formation than to lipid rafts/caveolae. Effect of ion channel inhibitors and actin dynamic inhibition on ASFV infection. Recently, some studies have demonstrated that some viruses can use macropinocytosis to enter the endocytic pathway for a productive infection (reviewed in reference 30). We therefore decided to explore a potential role for macropinocytosis during ASFV infection using inhibitors of the Na ϩ /H ϩ ion channels (amiloride and EIPA). To test the efficacy of these inhibitors, Vero cells treated with increasing inhibitor concentrations were tested for labeled dextran uptake. We observed by confocal microscopy that dextran internalization decreased from 25 M EIPA and was almost completely abolished at 50 M (Fig. 7A) . Higher EIPA concentrations resulted in cell detachment. Amiloride, at concentrations that did not affect cell viability, did not prevent dextran uptake in Vero cells. Pretreatment of cells with EIPA affected ASFV infection, reducing the proportion of infected cells. Nevertheless, levels of viral protein p30 detected in infected cells extract at 6 hpi were not significantly modified after 25 M EIPA treatment compared to those in control cells. A 25% reduction in p30 levels was found after 50 M EIPA treatment, but we also observed cell detachment and high mortality (Fig. 7B) .
Since actin plays a major role during macropinocytosis, we analyzed the effect of actin disruption in cells by use of jasplakinolide and latrunculin A. Addition of these inhibitors at 0.1 to 0.2 M prior to infection did not affect the percentages of ASFV-infected cells detected by FACS (Fig. 7C) .
DISCUSSION
Enveloped viruses can enter cells by direct fusion to membranes at the cell surface or can hijack endocytic pathways to infect host cells. Sensitivity to lysosomotropic agents has often been considered good evidence for endocytosis. This is the case for African swine fever virus infection, which was affected by these drugs, indicating that virus enters the cytoplasm of the host cell by receptor-mediated endocytosis rather than by direct fusion of viral envelope with the plasma membrane and also requires an acidification step. To discern which endocytosis pathway is required during the initial steps of ASFV infection to result in a productive infection, we used a variety of chemical inhibitors and molecular inhibitors in the form of dominant negative molecules.
We first examined the role of dynamin GTPase, which mediates membrane fission required for clathrin-mediated and lipid raft/caveola-based endocytosis (20) . Two complementary approaches were used to disrupt dynamin-dependent endocytosis: use of dominant negative mutant K44A (14) and of dynasore, a specific and widely used chemical inhibitor of dynamin GTPase activity (1, (23) (24) (25) . Transient expression of the K44A mutant significantly inhibited transferrin uptake and ASFV infection (about 50%) compared to wild-type dynamin or GFP alone. Infection was also dramatically inhibited by dynasore, in a dose-dependent manner. Even though the assays are different, both led to similar conclusions, indicating that ASFV entry into cells is dynamin dependent. This restricts the search to the dynamin-dependent routes of entry by endocytosis.
The involvement of dynamin and the low-pH dependence in ASFV infection (2, 44) suggest that clathrin-mediated endocytosis is the pathway for ASFV entry into Vero cells. Colocalization of ASFV virions with clathrin, detected by confocal microscopy during the first stages of infection, and reduction of infection in a dose-dependent manner after chlorpromazine, as well as chloroquine and bafilomycin, treatment prior to infection support this hypothesis. This confirms preliminary observations by EM (2) in which ASFV virions were often found adsorbed to cytoplasmic invaginations similar to clathrin- jvi.asm.org coated pits but not in clathrin-coated vesicles. Nevertheless, chlorpromazine addition at 3 hpi, when most of the virions were already internalized, did not result in inhibition of ASFV infection, indicating that the correct assembly of clathrin is required specifically for ASFV internalization into host cells. However, these results do not exclude the possibility that clathrin may also be involved in some step of infection after 6 hpi. Indeed, it has been previously reported that ASFV infection at later times, during virus morphogenesis and assembly, affects the integrity of some component of the secretory pathway, such as the trans-Golgi network or clathrin adapter protein AP1 (28) . In order to examine more precisely the role of clathrinmediated endocytosis in ASFV entry, we used an Eps15 dominant negative mutant fused to GFP (7, 40) to disrupt this endocytic pathway. Additionally, entry of mouse hepatitis virus type 2 has been recently shown to be a clathrin-dependent but Eps15-independent process (32) . We demonstrated that transient expression of the Eps15 dominant negative mutant in Vero cells inhibited TF uptake and also markedly decreased the ability of ASFV to infect the transfected cells, thus confirming the importance of clathrin-mediated endocytosis and the essential component of the clathrin pathway Eps15 in ASFV infection. Convergent functional assays analyzing the dynamin-and clathrin-mediated endocytosis pathway by different means provided coincident results for ASFV infectivity inhibition.
Many other viruses from diverse families exploit clathrinmediated endocytosis as the main or an accessory entry route (reviewed in references 15, 26, 27, and 31). Traditionally, cellular uptake by clathrin-mediated endocytosis was thought to be restricted to small ligands with a particle size limit of about 200 nm (34) , which is precisely the diameter determined for extracellular ASFV enveloped virions (10) . However, in recent studies clathrin and dynamin have been found to facilitate the entry of diverse zippering bacteria (48) that are larger than ASFV virions, such as Listeria (46, 47) or Chlamydia trachomatis in nonphagocytic cells (23) . It has been previously shown that cholesterol in cellular membranes is relevant during the first stages of ASFV infection (8) , and since cholesterol is involved in the lipid raft/ caveola endocytosis pathway, we compared ASFV infectivities in cholesterol-depleted cells previously treated with methyl-␤-cyclodextrin (CD) and subjected to cholesterol disorganization by treatment with nystatin, a sterol-binding drug that did not reduce the cholesterol levels. Our results are in concordance with previous observations showing that ASFV infection is sensitive to cholesterol depletion, while nystatin did not have any apparent effect. These results indicate that ASFV entry is a cholesterol-dependent process, because it is probably required to induce curvature in the plasma membrane in order to generate clathrin-coated pits and vesicles, as has been hypothesized previously (35, 41) .
The induction of macropinocytosis to facilitate the entry of virus particles into host cells has been recently observed during vaccinia virus (29) , adenovirus serotype 3 (5), and Kaposi's sarcoma-associated herpesvirus (18, 33) infection. Our preliminary studies using Na ϩ /H ϩ ion channel and actin polymerization inhibitors suggest that macropinocytosis is not a constitutive pathway used by ASFV to enter the cell lines studied. Thus, the observed decrease in p30 levels after 50 M EIPA treatment is likely to be due to adverse and unspecific effects induced by EIPA, as deduced by the cell detachment observed at this inhibitor concentration.
In summary, we have analyzed ASFV entry into host cells by disrupting diverse endocytic pathways with chemical inhibitors and also with specific dominant negative mutants to confirm previous observations and have identified those cellular factors that mediate ASFV uptake. We conclude that dynamin-dependent, clathrin-mediated uptake leads to productive entry by ASFV. jvi.asm.org
